Background: Ginsenoside Rg3 has been reported to exert protection function on germ cells. However, the mechanisms by which Rg3 regulates apoptosis in mouse Leydig cells remain unclear. In addition, triptolide (TP) has been reported to induce infertility in male rats. Thus, this study aimed to investigate the protective effect of Rg3 against TP-induced toxicity in MLTC-1 cells. Methods: CCK-8, immunofluorescence assay, Western blotting and flow cytometry were used to detect cell proliferation and cell apoptosis, respectively. In addition, the dual luciferase reporter system assay was used to detect the interaction between miR-26a and GSK3β in MLTC-1 cells. Results: TP significantly inhibited the proliferation of MLTC-1 cells, while the inhibitory effect of TP was reversed by Rg3. In addition, TP markedly induced apoptosis in MLTC-1 cells via increasing the expressions of Bax, active caspase 3, Cyto c and active caspase 9, and decreasing the level of Bcl-2. However, Rg3 alleviated TP-induced apoptosis of MLTC-1 cells. Moreover, the level of miR-26a was obviously downregulated by Rg3 treatment. The protective effect of Rg3 against TP-induced toxicity in MLTC-1 cells was abolished by miR26a upregulation. Meanwhile, dual-luciferase assay showed GSK3β was the direct target of miR-26a in MLTC-1 cells. Overexpression of miR-26a markedly decreased the level of GSK3β. As expected, upregulation of miR-26a could abrogate the protective effects of Rg3 against TP-induced cytotoxicity via inhibiting the expression of GSK3β. Conclusion: These results indicated that Rg3 could protect MLTC-1 against TP by downregulation of miR-26a. Therefore, Rg3 might serve as a potential agent for the treatment of male hypogonadism.
Introduction
Male hypogonadism is usually related to impotence, infertility or a reduction in spermatogenesis. 1 Testosterone, a vital hormone, is necessary for spermiogenesis and maintenance of secondary sexual functions in men. 2 In the recent years, about 6% of males were attacked by male hypogonadism. 3 The deficiency of serum testosterone in males not only leads to male sexual dysfunction, but also induces other diseases, such as obesity, skeletal muscle wasting and diabetes. [4] [5] [6] [7] Testosterone is generated in Leydig cells, while with the age increase, the number of Leydig cells will reduce. 8 The number of Leydig cells are closely associated with male reproductive system and sexual function. 9 Therefore, improving the male sperm motility and hypogonadism is beneficial to improving sexual function, fertility and quality of life of males.
Panax ginseng is a common Chinese herbal medicine in the Orient. 10 Ginsenosides is one of the pharmacologically active compounds in the Ginseng, which could regulate multiple metabolic pathways. 10, 11 Ginsenoside Rg3 is the most active compound of ginsenosides. 12 Rg3 exerts a variety of pharmacological properties including anti-tumor, anti-inflammation, treatment of diabetes, anti-pruritic effects. [13] [14] [15] [16] In addition, Rg3 could enhance erectile function in diabetic rats against streptozotocin. 17 Meanwhile, Rg3 could improve endometrial lesions by promoting apoptosis in ectopic endometrial cells. 18 However, the effect of Rg3 in leydig cells remains unclear. Triptolide (TP), a diterpene triepoxide extracted from a Chinese medicinal herb Tripterygium wilfordii, is a posttesticular male contraceptive agent. 19 Huang et al demonstrated that TP could produce cell toxicity on the male reproductive system in rats by increasing the deformity rate of sperm. 20 TP has been reported to induce infertility in male rats. 21 In addition, the longer duration of TP treatment could influence the spermatogenesis. 19 Glycogen synthase kinase-3β (GSK3β) is a serinethreonine kinase, which involves in some cellular signaling pathways. 22 GSK3β signaling has been implicated in cardiac disease and human cancers. 23 However, little is known about the role of GSK3β in spermiogenesis. In addition, it has been reported that male hypogonadism was associated with microRNAs (miRNAs). 24 Evidences indicated that microRNA-26a (miR-26a) plays important roles in tumor cells and neural stem cells; however, the function of miR-26a during male hypogonadism remains unclear. 23, 25 Although previous studies have reported that
Rg3 had multiple pharmacological functions, the mechanisms by which Rg3 regulates the proliferation and apoptosis in MLTC-1 cells against TP remain unclear. Therefore, this study aimed to investigate the protective effect of Rg3 against TP-induced toxicity in MLTC-1 cells.
Materials and methods

Cell culture and cell transfection
The mouse Leydig MLTC-1 cell line was obtained from American Type Culture Collection (ATCC, Rockville, MD, USA). The cells were cultured in RPMI-1640 medium with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA), penicillin (100 U/mL, Sigma Aldrich, St. Louis, MO, USA) and streptomycin (100 μg/mL, Sigma Aldrich) at 37°C with 5% CO 2 . Rg3 was purchased from Sigma Aldrich. 
Real-time qPCR
Total RNA was extracted from MLTC-1 cells according to the manufacturer's specification using a Trizol kit (Thermo Fisher Scientific). Then, cDNA Reverse Transcription Kit (Thermo Fisher Scientific) was used to synthesize cDNA. After that, PCR was performed by using SYBR Green master mix kit (Thermo Fisher Luciferase reporter assay MLTC-1 cells were plated onto the 96-well plates at 37°C and cultured to reach 70% confluence. The wild-type and mutant-type human GSK3β-3' UTR were constructed, and cloned into the pMIR-REPORT Luciferase vector (Promega, Madison, Wisconsin, USA). The designed miR-26a mimics control was then used to co-transfect MLTC-1 cells together with the corresponding plasmids (Wide type GSK3β or mutant GSK3β) using Lipofectamine 2000 for 48 hrs. The luciferase report activity was measured with the Dual Luciferase reporter 1000 Assay System (Promega). The data were normalized to the rellina luciferase activity of control group.
Statistical analysis
All experiments were performed at least three independent experiments and all data were expressed as the mean ± SD. The data were conducted with GraphPad Prism version 7 (GraphPad Software, CA, USA.). One-way ANOVA followed by Dunnett's test was used to analyze the difference between groups with P<0.05 being regarded as indicating a statistically significant difference (*P<0.05, **P<0.01).
Results
Rg3 attenuated TP-induced cytotoxicity in MLTC-1 cells
The chemical structure of Rg3 was indicated in Figure 1A . CCK-8 assay was used to determine the effects of Rg3 or TP on the viability of MLTC-1 cells. As shown in Figure  1B , TP dose-dependently inhibited the proliferation of MLTC-1 cells. 120 nM TP induced about 60% cell growth inhibition, which was utilized in the following experiments. In addition, 80 μM Rg3 significantly inhibited the proliferation of MLTC-1 cells, whereas 5, 10, 20 or 40 μM Rg3 had no obvious inhibitory effects on MLTC-1 cells ( Figure 1C ). Furthermore, TP inhibited the proliferation of MLTC-1 cells, which were reversed the most by 20 μM Rg3 treatment ( Figure 1D ). Therefore, 20 μM Rg3 were utilized in the following experiments. Similarly, the immunofluorescence assay data indicated that Rg3 exhibited notably protective effects against TP-induced cytotoxicity ( Figure 1E and F). These results indicated that Rg3 could attenuate TP-induced cytotoxicity in MLTC-1 cells.
Rg3 reversed TP-induced apoptosis of MLTC-1 cells
To further investigate the effects of Rg3 in TP-treated MLTC-1 cells, flow cytometry was used. As illustrated in Figure 2A and B, TP markedly induced apoptosis of MLTC-1 cells, which was reversed by Rg3 treatment. In addition, Western blotting was used to measure the expressions of apoptosis-related proteins Bcl-2, Bax and active caspase 3. As indicated Figure 2C , D, E and F, TP increased the levels of Bax and active caspase 3 and increased the expression of Bcl-2 in cells, while these effects were significantly reversed by Rg3 treatment. These data suggested that Rg3 could reverse TP-induced apoptosis of MLTC-1 cells.
Overexpression of miR-26a reversed the protective effects of Rg3 against TP-induced cytotoxicity in MLTC-1 cells
The proliferation of Leydig cells could maintain spermatogenesis in adult male mice. 27 In addition, the spermatogenesis occurs mainly in Leydig cells. 27 Previous studies demonstrated that miR-34a, miR-15a, miR-184, miR-130a and miR-26a have been shown to be associated with spermatogenesis. 24, [28] [29] [30] [31] [32] [33] Thus, qRT-PCR was used to detect the levels of these miRNAs in MLTC-1 cells. As demonstrated in Figure 3A , the level of miR-26a was significantly downregulated by Rg3 in MLTC-1 cells. However, the expression of miR-26a was slightly upregulated in TP-induced MLTC-1 cells ( Figure 3B ). As shown in Figure 3C , the level of miR-26a was markedly increased in miR-26a mimics group, compared with control group. In addition, the protective effects of Rg3 against TP-induced cytotoxicity in MLTC-1 cells were reversed following transfection with miR-26a mimics ( Figure 3D) . Moreover, the protective effects of Rg3 against TP-induced apoptosis in MLTC-1 cells were reversed by miR-26a mimics as well ( Figure 3E and F) . All these results indicated that overexpression of miR-26a reversed the protective effects of Rg3 against TP-induced cytotoxicity in MLTC-1 cells.
GSK3β was a direct target of miR-26a
The mechanism by which miRNAs exhibit corresponding effects by binding to the 3′ UTR of target gene has been shown. 34 Three online bioinformatics tools, TargetScan, miRDB, or microRNA were used to predict the downstream targets of miR-26a. The results showed that GSK3β was a potential target of miR-26a ( Figure 4A and B) . In addition, the luciferase assay data indicated that reduced luciferase activity was observed in MLTC-1 cells following transfection with psiCHECK-2-GSK3β-WT and miR-26a mimics ( Figure 4C ). Moreover, qRT-PCR analysis confirmed that the level of GSK3β was markedly decreased following transfection with miR-26a mimics ( Figure 4D ). These data revealed that GSK3β is a downstream target of miR-26a.
Overexpression of miR-26a reversed the protective effects of Rg3 against TPinduced cytotoxicity via targeting GSK3β
In order to detect the mechanism by which miR-26a regulated GSK3β in MLTC-1 cells, Western blot was applied. As indicated in Figure 5A and B, the level of GSK3β was significantly increased by Rg3 treatment, whereas Rg3-induced GSK3β upregulation was completely inhibited by GSK3β selective inhibitor. In addition, Western blotting data indicated that TP markedly induced the upregulation of Cyto c and active caspase 9 and notably downregulation of GSK3β, which were significantly reversed by Rg3 ( Figure 5C , D, E and F). However, the protective effect of Rg3 was significantly reversed following transfection with miR-26a mimics ( Figure 5C , D, E and F). These results suggested that overexpression of miR-26a could attenuate the protective effects of Rg3 against TP-induced cytotoxicity via targeting GSK3β.
Discussion
Leydig cells play important roles in spermatogenesis, because the synthesis of testosterone and spermatogenesis mainly occurs in Leydig cells. 35 Previous study found that TP could lead to male infertility. 36 In and spermiogenesis. 37 In this study, we found that TP significantly inhibited proliferation of MLTC-1 cells. However, the toxicity effect of TP on MLTC-1 cells was reversed by Rg3. Moreover, Rg3 could reverse TP-induced apoptosis in MLTC-1 cells via downregulating the levels of Bax, active caspase 3, Cyto c and active caspase 9, and upregulating the level of Bcl-2. Kopalli et al indicated that Rg3 could alleviate hyperthermia-mediated male infertility. 38 Ginseng could protect fertility factors and testicular damage in immobilization stress-induced rats. 39 Furthermore, ginseng could improve the quality of spermatozoa via inhibiting apoptosis in rats. 40 Consistent with these studies, our results illustrated that Rg3 could attenuate TP-induced cytotoxicity in MLTC-1 cells. It has been shown that a number of miRNAs have been considered as biomarkers for the diagnosis of male hypogonadism. 41 MiRNAs are endogenous small RNAs, which play important roles in male hypogonadism and infertility. 42 Ma et al found that miR-26a-5p could regulate sperm apoptosis. 33 In the present study, the level of miR-26a significantly downregulated in Rg3-treated MLTC-1 cells, while TP slightly upregulated miR-26a expression in MLTC-1 cells. These results indicated that the level of miR26a was regulated by Rg3 in MLTC-1 cells. However, the protective effects of Rg3 against TP-induced cytotoxicity in MLTC-1 cells were reversed following transfection with miR-26a mimics. Therefore, it can be suggested that miR26a could reverse the anti-apoptotic effects of Rg3 on MLTC-1 cells. Taken together, our data indicated that Rg3 protects MLTC-1 cells against TP by downregulation of miR-26a. However, there are no reports pointing out the cell targets of miR-26a on MLTC-1 cells. The luciferase reporter assay was used to confirm the downstream targets of miR-26a. In this study, the data demonstrated that GSK3β was the direct target of miR-26a. GSK3β, a serine/threonine kinase, is involved in diverse cellular processes including protein synthesis, cell cycle, proliferation and cell apoptosis. 42 Fei et al indicated that silencing of GSK3β could induce apoptosis in prostate cancer cells. 43 Hongjin et al found that adrenomedullin inhibited apoptosis in mesenchymal stem cells via increasing of GSK3β. 44 In addition, phosphorylated GSK3β could inhibit mitochondria-dependent apoptosis via decreasing the release of cytoplasmic Cyto-C and caspase 9. 45 These reports demonstrated that GSK3β could inhibit cell apoptosis. 46 As expected, in this study, 20 μM
Rg3 significantly increased the level of GSK3β in MLTC-1 cells. Therefore, we indicated that Rg3 attenuated TPinduced cytotoxicity in MLTC-1 cells via upregulation of GSK3β, which was consistent with previous studies. In addition, overexpression of miR-26a downregulated the level of GSK3β in MLTC-1 cells. Meanwhile, miR-26a mimics reversed the protective effects of Rg3 against TPinduced cytotoxicity via inhibiting the level of GSK3β, and increasing the level of Cyto c and active caspase 9. These results illustrated that overexpression of miR-26a reversed the protective effects of Rg3 against TP-induced cytotoxicity via targeting GSK3β (Figure 6 ). Indeed, it is possible that Rg3 exerted protective effect against TP by regulating other pathways and more investigations are needed in the future.
Conclusion
In this study, we found that Rg3 exhibited markedly protective effects against TP-induced apoptosis in MLTC-1 cells. In addition, overexpression of miR-26a reversed the protective effects of Rg3 against TP-induced cytotoxicity via targeting GSK3β. These findings indicated that Rg3 alleviated TP-induced apoptosis in MLTC-1 cells via regulating GSK3β. Therefore, Rg3 may serve as a potential agent for the treatment of male hypogonadism.
Disclosure
The authors report no conflicts of interest in this work. 
